In 10 dogs, we placed a Doppler flow probe, an ameroid constrictor, and a hydraulic cuff occluder around the left circumflex coronary artery (CA). Ultrasonic dimension gauges were implanted in control segments (CS) and ischemic segments (IS) of the left ventricle (LV). A microtransducer was used to measure LV pressure (LVP). Sixteen to 35 days later, when CA occlusion was nearly complete and collaterals had developed, the dogs were studied by telemetry during exercise, while running behind a van (8-11 mph for 3.5 minutes). Control exercise and exercise after propranolol (P) (average dose 0.5 mg/kg, iv) were conducted on the same day 2 hours apart. During control exercise, significant increases occurred in heart rate (HR) (116-249 beats/min), LVP (124-163 mm Hg), end-diastolic pressure (EDP) (8.1-25.9 mm Hg), peak (+)dP/dt (3618-7348 mm Hg/sec), and percent shortening (%AL) of CS (19.7-28.8) (all P < 0.01), but percent systolic wall thickening (%AW) and %AL of IS decreased greatly [22.2 ± 3.8 to 5.1 ± 1.3% (P< 0.01) and 12.6 ± 2.1 to 7.1 ± 2.4% (P< 0.01) , respectively]. During matched exercise periods after P, significantly less marked increases occurred in HR (101-182 beats /min), LVP (123-139 mm Hg), EDP (9.4-20.9 mm Hg), peak (+)dP/dt (2801-4312 mm Hg/sec), and %AL of CS (17.1-22.4%) (all P < 0.01). However, %AW and %AL of IS did not deteriorate [19.0 ± 3.6 to 14.3 ± 3.2% (NS) and 11.3 ± 3.1 to 11.5 ± 3.9% (NS)]; both were significantly different from control exercise (P < 0.01). It is concluded that amelioration by propranolol of an exercise-induced myocardial oxygen demand-supply imbalance in a collateral-dependent zone can markedly reduce regional ischemia and dysfunction at the same exercise level.
IN THE normal heart, sympathetic stimulation exerts positive inotropic and chronotropic effects which increase myocardial oxygen consumption. When coronary blood flow is restricted, augmented sympathetic stimulation by catecholamine infusion or exercise can produce or enhance myocardial ischemia (Raab et al., 1962; Tomoike et al., 1978a) . Such unfavorable effects of enhanced adrenergic stimulation on the myocardium have been attributed primarily to a discrepancy between coronary blood flow and increased myocardial metabolic demands. Propranolol, a /?-adrenergic blocking agent (Black et al., 1964) , has been effective in relieving angina pectoris induced by exercise in patients with coronary heart disease (Miller et al., 1975) . Recently, it has been shown that the decrease in ejection fraction, determined by radionuclide angiography, which occurs during exercise stress in patients with coronary heart disease and angina pectoris can be lessened or abolished by prior administration of propranolol (Battler et al., in press ). In other types of patients, preliminary evidence has indicated that propranolol may not improve an abnormal ejection fraction response (Rainwater et al., 1978) . Little is known concerning how ischemia induced by exercise in the presence of chronic coronary stenosis affects regional myocardial shortening in normal and ischemic regions, or how such responses may be affected by the action of propranolol on the normal and ischemic zones.
Recently, we reported the usefulness of a conscious canine preparation for reproducing the physiological effects of exercise-induced regional myocardial ischemia (Tomoike et al., 1978a) . In this animal model, acute coronary stenosis was produced, and regional myocardial function proved to be a sensitive detector of ischemia (Tomoike et al., 1978a) . In the present study, we report the development of a canine preparation that allows repeated, reproducible induction of regional ischemia by exercise in a collateral-dependent zone supplied by a chronically stenosed coronary artery. Using this model, we investigated the effects of exercise on hemodynamic and regional myocardial function before and after the administration of propranolol.
Methods
Ten adult mongrel dogs weighing 24-33 kg (mean = 28.4 kg) were anesthetized with sodium pentobarbital (25 mg/kg, iv). The trachea was intubated, and the dog was ventilated with a Harvard respiration pump. The chest was opened in the 5th left intercostal space, and the pericadium was incised parallel to the phrenic nerve and opened widely. A high-fidelity micromanometer (Konigsberg P-22) and a Tygon fluid-filled catheter (1.27 mm, i.d.) were inserted into the left ventricular chamber through the apex and secured with intramyocardial sutures. As described previously, three pairs of minature 5MH ultrasonic crystals were used for measuring regional myocardial function, two pairs being placed in the left ventricular wall in a circumferential plane close to the endocardium (Theroux et al., 1976) ; one pair was positioned in a region, termed the "ischemic segment," near the base of the posterior papillary muscle within the distribution of the circumflex coronary artery, and the other in the normal segment in the anterior wall of the left ventricle. The third pair was implanted in the endocardium and the epicardium in the ischemic area to measure regional wall thickness .
The left circumflex coronary artery was dissected free near its origin, a miniaturized 10-MHz Doppler flow probe (Theroux et al., 1977) was placed around it and an ameroid constrictor positioned distally; a hydraulic cuff then was placed around the vessel beyond the constrictor. The ameroid constrictor was slotted and encased in a slotted stainless steel ring; its length was 5 mm, and the external and internal dimensions were 9 and 3 mm, respectively. The constrictor was designed to produce gradual constriction of the coronary vessel (Vineberg et al., 1960) . The chest then was closed, the pneumothorax evacuated, and all wires and tubing were passed subcutaneously to the back of the dog and brought through the skin between the scapulae.
The Time Course of Changes during Gradual Coronary Artery Obstruction
Routine postoperative experiments were begun at 5-7 days, with the dog resting quietly on its right side on the floor. Control recordings of pressure, flow, and dimensions were made for at least 10 minutes. After this, the left circumflex coronary artery was completely and abruptly occluded by inflating the water-filled hydraulic cuff using a syringe. During this occlusion, pressure and dimensions were recorded. At 1 minute of occlusion, the occluder was completely released, and the subsequent reactive hyperemia was recorded for 5 minutes. This procedure was used in all dogs every 2 or 3 days.
In the early postoperative period (days 5-7), 1minute coronary occlusions caused holosystolic thinning of the wall in the ischemic region. As time passed, the holosystolic bulge during coronary occlusion disappeared; the ischemic, hypokinetic response of the segment during occlusion subsequently diminished daily, and reactive hyperemia also decreased progressively . At an average of 20 days postoperatively (range, 15-35 days), 1 minute of coronary occlusion no longer produced dysfunction in the ischemic zone (collateralized area) in eight of the 10 dogs; in the remaining two dogs, blood flow through the circumflex coronary artery, as assessed by the flowmeter, was absent because of obstruction of the ameroid constrictor, and this test could not be performed, although resting function appeared normal. On this day, or within 4 days, the 10 dogs were exercised. On the day of exercise (average, 23 days postoperatively), five dogs had no blood flow through the circumflex coronary artery, and in the remaining five dogs, mean coronary flow velocity was reduced to an average of 69.5 ± 8.6% of that on the 7th postoperative day; since a significant reduction of mean flow velocity occurs when the coronary artery is stenosed by over 75% of its original diameter (Gallagher et al., 1978) , our data suggest that the observed degree of reduction in velocity in the latter five dogs should have been associated with approximately 85-90% stenosis of the vessel.
Exercise Protocol
All 10 dogs studied were healthy and vigorous on the day of exercise. The electronic instrumentation was carried by the exercising dog in a canvas backpack ; three signals, the left ventricular pressure and two ultrasonic dimensions, were transmitted by an FM/FM telemetry system to a mobile van, as described in detail previously (Tomoike et al., 1978a) .
Since the quality of the dimension signal was not always suitable for telemetry, dimensions from both normal and ischemic segments could not be obtained in every dog. In eight dogs, tracings were satisfactory for measurements of ischemic wall thickness, in seven dogs for control segment dimensions, and in four dogs for ischemic segment dimensions. Simultaneous recordings of the control segment and ischemic wall thickness were available in five of the 10 dogs, control and the ischemic segment lengths in two dogs, and ischemic segment length and ischemic wall thickness in two dogs. In the remaining dog, only the ischemic wall thickness signal could be recorded.
The dogs were taken to an isolated canyon and exercised twice on 1 day. The first exercise period was conducted in the morning as control for the second exercise period (after propranolol). To match the degree of exercise in each run, the dogs covered the same distance in the same time [average 3.5 minutes, at speeds of 8-11 mph, difference between control and propranolol running times = 7.6 ± 4.3 seconds (NS)j. Before each exercise period, VOL. 46, No. 2, FEBRUARY 1980 control left ventricular pressure and dimensions were recorded for at least 5 minutes while the dog stood at rest in the field. The van carrying the electronic recording equipment then was started quickly, and the untethered dog chased the vehicle. Left ventricular pressure and two dimensions were telemetered simultaneously and taped during running, for 5 minutes after the end of the exercise period and then intermittently for the next 2 hours. After confirming full recovery from the control exercise period (at least 2 hours later), propranolol was administered intravenously, 0.25-1.0 mg/kg (0.5 mg/kg was given to eight of the dogs). Twenty minutes later, control data for the second exercise period were recorded with the dog standing at rest, and exercise then was repeated.
Within a few days of the exercise studies described above, seven of the 10 dogs were exercised to examine the reproducibility of two periods of running on the same day without an intervention. The dogs covered the same distance in the same running time in two exercise periods. Hemodynamic responses, control segment response, and the exercise-induced regional dysfunction were not significantly different between these two exercise periods 2 hours apart (Fig. 1) .
The dogs were killed by an iv overdose of sodium pentobarbital from 31-48 days (mean, 40 days) postoperatively. In each instance, the crystals of each pair of subendocardium were confirmed to be in proper alignment. The inner crystals of the wall thickness pair (eight dogs) were found to lie within the inner third (seven dogs) or the inner two-fifths of the left ventricular wall (one dog); the crystals of the ischemic segment pair (six dogs) were positioned within the inner third (four dogs) or the inner half of the wall (two dogs); the crystals of the control segment pair (eight dogs) were located within the inner third (five dogs) or the inner half of the wall (three dogs).
No infarction or scar in the left ventricles was visible on gross examination in any of the 10 dogs studied. In nine of the 10 hearts, histological examination was performed, the 10th heart being excluded from the histological study because the dog was used for another experiment after the exercise study. The severity of tissue damage within each section was expressed as a percentage ratio of the amount of scarred tissue to the amount of normal tissue. One observer examined all tissue samples. Three slides were prepared from the tissue block between the crystals encompassing the outer margins and center of the block. Each slide was evaluated twice, several days apart, with good (less than 10% difference) agreement between determinations of the percentage of infarcted tissue. In addition, the slides were evaluated without knowledge of the experimental setting. There was no histological evidence of myocardial damage in the normal control regions in any of the nine hearts. In the ischemic regions, 0-10% (mean = 3.4%) patchy scarring of the myocardium was found in six of the nine hearts; in the remaining three hearts, there was more extensive scarring, 25-45% (mean = 33.3%), but there was no transmural scarring in any instance. Although the resting regional function in the collateralized zone in the three dogs that had scarring of over 25% was moderately decreased on the 23rd postoperative day (systolic shortening being reduced to 52.5 ± 7.0% of that on the 7th day), further severe dysfunction developed progressively in the affected zone during running without propranolol; the severity of this dysfunction was essentially the same as that in the other seven dogs, and it closely resembled responses previously observed in the presence of acute coronary stenosis (Tomoike et al., 1978a) . Therefore, these three dogs were included in the analysis.
Data Analysis
The recorded and derived variables were inscribed simultaneously on an eight-channel Brush chart recorder. Heart rate was measured with a tachometer. The measurement of left ventricular end-diastolic pressure from the micromanometer was made at low and at high gain, together with dP/dt (Tomoike et al., 1978a) . The micromanometer also was calibrated electrically against known voltages before and after each exercise period, and it was checked before or after exercise by matching it to the pressure obtained through the fluid-filled catheter. Since control and second exercise periods were separated by a short interval, the zero baseline drift and the sensitivity change of the gauge should not have affected the results during exercise (Tomoike et al., 1978a; Franklin et al., 1977) .
Calibration of the dimension signals has been described previously (Theroux et al., 1976) . Measurements of end-diastolic length (EDL) or wall thickness (EDW) were taken at the time dP/dt crossed zero. End-systolic length (ESL) or end-systolic wall thickness (ESW) was determined approximately 20 msec prior to peak negative (-)dP/dt (Theroux et al., 1977) . The end-systole so obtained usually corresponded closely to the time of minimum length of normal segments (Theroux et al., 1976) and to the time that left ventricular ejection ends (Weisfeldt et al., 1974 ). Active regional shortening (or thickening) was calculated as the ratio of EDL (or ESW) minus ESL (or EDW) to EDL (or EDW), and the result was termed percent segment shortening (%AL) or percent wall thickening (%AW). The values for length (or thickness) were normalized to a 10-mm initial length (or thickness) by dividing by the end-diastolic dimension and multiplying by 10 (Theroux et al., 1976) . During exercise, the ischemic zone exhibited systolic shortening (or thickening) after peak (-)dP/dt in all dogs, a phenomenon termed "late systolic shortening." For comparison with active shortening (%AL) or active thickening (%AW) at end ejection, the following measures also were calculated: (1) the ratio of the length (or thickness) at the end of late systolic shortening (or thickening) to EDL (or EDW), termed %AL(LS) [or %AW(LS)], and (2) the ratio of the length (or thickness) at the midpoint in time between peak positive (+)dP/dt and peak (-)dP/dt to EDL (or EDW), termed %AL (50%) or %AW (50%).
Coronary blood flow velocity was recorded using a zero crossing detector followed by an RC filter to 100 Hz. Electrical zero for the flow velocity was recorded by disconnecting the input to the frequency meter, and it was calibrated by injecting signals of known frequency into the zero-crossing detector.
All data points were averaged over at least 10 consecutive beats at a paper speed of 100 mm/sec. Statistical analysis of the difference between control exercise and exercise with propranolol, between two sequential control exercise periods, and comparison of the mean values during exercise with those in the resting state were conducted by analysis of variance with repeated measures (Winer, 1962) . Comparisons of mean values of hemodynamic and dimension measurements between the 7th postoperative day and the day of exercise were conducted by paired t-test. The level of statistical significance was P < 0.05, and the data are presented as the mean value ± standard error.
The resting hemodynamic and dimension data at 7 days after surgery and on the day of exercise (23 days) are shown in Table 1 . There were no statistically significant differences in these variables. The resting hemodynamic values and segment function in the dogs with antegrade coronary blood flow (five dogs) and the group without antegrade coronary blood flow (five dogs) on the day of exercise were not significantly different (unpaired £-test). In ad- 26.9 ± 3.6
The data were taken in dogs lying quietly on their right sides on the floor. No significant differences were seen comparing days 7 and 23 {P > 0.1). VOL. 46, No. 2, FEBRUARY 1980 dition, the severity of regional dysfunction during running and the grade of improvement of the exercise-induced dysfunction by propranolol were not different between these two groups. Therefore, statistical analyses were made considering the 10 dogs together.
Results

Hemodynamic Responses to Exercise without and with Propranolol
Within 10 seconds after beginning control exercise (without propranolol), average heart rate (HR), left ventricular peak systolic pressure (LVSP), and peak (+)dP/dt increased abruptly, and these variables were maintained at high levels throughout the remainder of the exercise period ( Fig. 2A ; Table  2 ). Left ventricular end-diastolic pressure (EDP) gradually increased and was significantly elevated by 1 minute. By the end of the exercise period, HR had increased to 249 ± 9 beats/min, LVSP to 163 ± 6 mm Hg, EDP to 25.9 ± 1.0 mm Hg, LV peak (+)dP/dt to 7348 ± 448 mm Hg/sec, and LV peak (-)dP/dt to 3956 ± 185 mm Hg/sec (Table 2) .
Twenty minutes after intravenous administration of propranolol, the resting HR and peak (+)dP/ dt were significantly decreased by 12.9 and by 22.6% (both P < 0.01), respectively, compared to values before the control exercise period. EDP increased and LVSP and peak (-)dP/dt decreased, but these changes were not significant (Table 2) .
During the exercise period after propranolol, the initial rapid rise and subsequent increase of hemodynamic variables during exercise were significantly attenuated ( Fig. 2B ; Table 2 ). HR increased to 182 ± 5 beats/min, the change being significant 10 seconds after exercise was begun (P < 0.01), but the increases were markedly reduced throughout the entire exercise period. LVSP and peak (+)dP/dt gradually increased to 139 ± 5 mm Hg and to 4312 ± 283 mm Hg/sec, respectively, but these increments were greatly reduced throughout exercise compared to those in the first exercise period. Peak (-)dP/dt was reduced compared to control and did not change significantly during the propranolol run. EDP gradually increased to 22.2 ± 2.0 mm Hg at 1 minute of running, with a value of 20.9 mm Hg at the end of running; the increments in EDP were significantly less compared to the first exercise period (Table 2) . During recovery from exercise, HR, LVSP, EDP, and peak (+)dP/dt returned to control values within 30 minutes after the first exercise period; recovery of these variables tended to be slightly faster after propranolol (Table 2).
Regional Myocardial Function during Exercise before and after Propranolol
Control Segments
During control exercise, average EDL increased slightly (by 3%) over the resting value (NS). The ±87 NS Hemodynamic responses to exercise before and after propranolol. Middle = midpoint of exercise periods (mean of 2 minutes and 20 seconds of running); End = end of running (mean of 3.5 minutes); CONT = control exercise; PROP = exercise after propranolol; P = comparison of CONT to PROP values; NS = not significant; peak (+)dP/dt = LV peak positive dP/dt; peak (-)dP/dt = LV peak negative dP/dt.
• P < 0.01; comparison of the value during and after CONT to the resting value of CONT. t P < 0.01: comparison of the values during and after PROP to the resting value of PROP.
%AL and %AL (50%) increased from 19.7 ± 1.4 to 28.8 ± 1.3% and from 13.0 ± 1.6 to 22.1 ± 1.2%, respectively, the changes being significant during the entire period of running ( Figs. 2A, 3 ; Table 3 ). During recovery, EDL, %AL, and %AL (50%) returned to control within 5 minutes. Twenty minutes after propranolol, resting EDL had increased significantly by 3.7% compared to the values before the first exercise period, and %AL and %AL (50%) had decreased by 13.2 and 17.7%, respectively (Table 3, Fig. 3 ).
During the propranolol exercise period, EDL increased slightly by 1.1% (NS), and %AL and %AL ening and segment shortening are decreased slightly compared to before propranolol (A). During running after propranolol (right panel), the increase in control segment shortening is less than the control exercise period, but the severe dysfunction observed during the control exercise is abolished, and the wall now shows substantial active systolic thickening during running.
(50%) gradually increased to 22.4 ± 1.7% and 15.6 ± 1.9%, respectively (Figs. 2B, 3; Table 3 ). Compared to control exercise, the increases in %AL and %AL (50%) were significantly less during the entire period of running after propranolol; EDL tended to be greater than during control exercise, but the difference was not significant.
Ischemic Segments
During control exercise, the ischemic segments exhibited severe dysfunction and late systolic shortening. Average EDL was increased slightly by 1.8% (NS) at the end of running, whereas %AL and %AL (50%) initially increased slightly and then decreased significantly to 7.1 ± 2.4% and 3.4 ± 2.5%, respectively ( Fig. 3 ; Table 3 ). %AL (LS) increased initially with exercise and then decreased slightly (NS) throughout the exercise period.
After propranolol, the average resting EDL increased by 2.1%, whereas %AL and %AL (LS) were slightly decreased (NS). %AL (50%) was unchanged. VOL. 46, No. 2, FEBRUARY 1980 CONTROL SEGMENTS 3 0 -
Responses of control and ischemic segment lengths to exercise before and after propranolol. Asterisks = significant differences between control and propranolol exercise periods.
During exercise after propranolol, changes in EDL were not significant during and after exercise (Table 3) . %AL, %AL (50%), and %AL (LS) were not significantly decreased from control during the entire period of exercise ( Fig. 3 ; Table 3 ). Compared to control exercise, the decreases in %AL and %AL (50%) were significantly less marked after 1 minute, whereas the change in %AL (LS) was not significantly different. These variables rapidly returned to near control values within 1 minute of recovery and were not significantly different from those during the control exercise recovery period.
Ischemic Wall Thickness
Severe impairment of ischemic zone systolic wall thickening occurred during the control exercise, and there was late systolic thickening in all dogs ( Fig.  2A) . Average EDW decreased slightly by 1.0% (NS) during the control run. %AW initially increased slightly and then markedly decreased to 5.1 ± 1.3% at the end of the run, and %AW (50%) also decreased significantly to -1.1 ± 1.1% at the end of running ( Figs. 2A, 4 ; Table 3 ). Changes in %AW (LS) were insignificant during and after running.
After propranolol, the resting EDW, %AW, and %AW (LS) decreased significantly (Table 3) , and %AW (50%) was slightly decreased (NS).
During exercise after propranolol, significant lessening of wall dysfunction was observed (Figs. 2B, 4; Table 3 ). EDW was not changed significantly during and after running, although the wall remained thinner until 5 minutes of recovery. Throughout the exercise period, there was no significant decrease in %AW. %AW (50%) significantly decreased from 10.1 ± 1.9 to 4.9 ± 1.3%, and the decrease was significant after 1 minute of running; however, there was much less reduction in this measure compared to the control. %AW (LS) remained lower than during the control run and did not change significantly. All values returned toward the control within 1 minute.
Discussion
Coronary collateral vessels occur in a high percentage of patients with severe coronary artery disease, but their functional significance has remained a source of disagreement and debate (Elliot et al., 1968; Helfant et al., 1970) . In the present study, a conscious canine model was employed to simulate single vessel coronary disease in man using an ameroid constrictor implanted around the circumflex coronary artery. Gradual closure of a coronary artery by an ameroid constrictor has been shown to stimulate the development of coronary collateral vessels in the dog (Vineberg et al., 1960; Elliot et al., 1968) . However, it often produces some degree of myocardial damage (Elliot et al., 1968) , as we observed in the histological examination of tissue between the crystal pairs from the subendocardial region. We also demonstrated that, within a relatively short period (3 weeks), the collateral flow was sufficient to protect the surviving myocardium from ischemia during complete coronary occlusion, and the average left ventricular hemodynamic variables and regional function were maintained within the normal range at rest. Experimentally, regional myocardial ischemia has been shown to impair the normal augmentation of overall hemodynamic function of the left ventricle during exercise (Horwitz et al., 1978) , a finding which was confirmed by our previous study in which a lower systolic pressure and dP/dt and higher enddiastolic pressure occurred during acute coronary stenosis than during control exercise (Tomoike et al., 1978a) . End-diastolic pressure also began to rise early after exercise in the present study during control exercise conditions, a change which was coincident with the development of severe regional dysfunction. It is of interest that rather small, insignificant increases in end-diastolic length and decreases in wall thickness in both normal and ischemic regions accompanied large changes in left ventricular end-diastolic pressure during exercise. Although it is recognized that measurement of transmural pressure would have been desirable, such findings suggest that ventricular compliance at end-diastole decreased during exercise. It is postulated that such an effect might be related to recently described viscous effects during the rapid phases of ventricular filling, in which changes in left ventricular pressure can deviate from the passive length-pressure relation during slow filling (Rankin et al., 1977) ; such an effect might be enhanced by the tachycardia of exercise. Such hemodynamic changes were shown to reflect regional deterioration of contraction, despite markedly increased cardiac sympathetic stimulation during exercise which leads to increased shortening in the control segments during control exercise (Tomoike et al., 1978a) . Augmentation of sympathetic activity by exercise in dogs with global myocardial ischemia results in an intensification of ischemia (Vatner et al., 1974) . Coronary flow redistribution away from the subendocardium can be induced by exercise during partial coronary stenosis (Ball and Bache, 1976) , an effect which may relate to limitation of the diastolic time per minute available for subendocardial perfusion (Bache and Cobb, 1977) . Thus, the development of severe regional dysfunction during exercise in the control exercise period was likely related both to increased oxygen demands due to effects of augmented sympathetic activity and to limited oxygen supply.
After the administration of propranolol, resting heart rate and percentage shortening in both segments decreased slightly but significantly. Propranolol also caused elongation of diastolic lengths in both control and ischemic segments, suggesting dilation of the left ventricle. Such cardiac dilation after propranolol undoubtedly resulted from the effects of decreased heart rate, as well as depression of contractility. However, despite reduced function at rest after propranolol and diminished augmentation of function in control segments during exercise, the severe dysfunction which developed in the collateral-dependent area during control exercise was attenuated markedly after propranolol.
A potential source of error in these studies is an effect of the initial exercise period on the second exercise period. Thus, it has been found in some patients with angina pectoris that exercise tolerance is increased by repeated exercise (Wayne and Graybiel, 1934) ; however, it was also found that, after 1 hour's rest, exercise tolerance was the same as in the initial test (Wayne and Graybiel, 1934) . We used a rest period of over 2 hours between exercise periods, and also we found no significant differences in hemodynamic and regional function between two control exercise periods. In addition, the degree of exercise before and after propranolol was the same. Thus, it is reasonable to consider that the improvement of regional dysfunction in the ischemic zone was not importantly influenced by the first exercise period and was due to the effects of propranolol.
There are several possible mechanisms by which propranolol may have improved regional function in the collateral-dependent zone. First, propranolol undoubtedly reduced oxygen consumption in the ischemic segment, since there was a large reduction in the exercise-induced increase of heart rate, and systolic pressure and peak (+)dP/dt increases also were reduced during the propranolol experiment. Suppression of the potent positive inotropic cardiac actions mediated by sympathetic activity as reflected in the dP/dt (Black et al., 1964) is known to reduce myocardial oxygen consumption, as are a reduction in the heart rate and systolic ventricular pressure. On the other hand, the improved shortening of the ischemic segment itself during exercise could have caused some increase in myocardial metabolic requirements (Burns and Covell, 1972) , but any such increase appears to have been less than the decrease produced by other mechanisms. The reduction in the left ventricular systolic pressure observed during the propranolol experiment also could have allowed the ischemic region to work more effectively during ventricular ejection (Ross, 1976) . Second, propranolol could have resulted in improved coronary perfusion. The increase in heart rate during exercise was considerably reduced during the propranolol experiment, and this could lead to improvement of coronary collateral blood flow due to prolongation of the diastolic period (Bache and Cobb, 1977) . This effect together with the less marked increase in left ventricular diastolic pressure than occurred during control exercise could have favored subendocardial perfusion (Archie, 1978) . In this connection, in animals at rest, propranolol can produce an increase in subendocardial flow in an ischemic zone (Becker et al., 1971; Vatner et al., 1977) , and at rest when heart rate slows after propranolol, both regional function and total coronary flow improve (Tomoike et al., 1978b) . Finally, in normal regions of the heart, a major decrease in coronary blood flow occurs after propranolol primarily because of decreased myocardial oxygen consumption, although propranolol may directly increase coronary vascular resistance (Whitsitt and Lucchesi, 1967) . Thus, coronary "steal" during exercise may be diminished by reduction of the workload in normal regions produced by propranolol (Guyton et al., 1977) .
After 30 minutes of recovery in both control and propranolol experiments, hemodynamic and regional function had returned nearly to control values. However, wall thickening in the ischemic zone tended to recover more slowly in the control exercise period than after propranolol; moreover, it deteriorated further at 1 minute during the control recovery period, an effect not seen after propranolol. This response provides additional evidence of a favorable effect of propranolol on the ischemic myocardium. The mechanism of such deterioration of function in the postexercise period is not clear, although during this time, electrocardiographic S-T segment abnormalities sometimes are observed clinically.
Among the indices of regional function used, the %AL or %AW measured at the end of the left ventricular ejection period, or earlier (midway) in the ejection period, were sensitive for detecting myo- VOL. 46, No. 2, FEBRUARY 1980 (Theroux et al., 1976) and in patients with coronary heart disease, but it does not contribute to the effective ejection of blood into the aorta because it occurs during isovolumetric left ventricular relaxation (Kumada et al., 1979) . Although it remains unclear whether such shortening is due to late active shortening of the ischemic myocardium or to passive recoil of a dyskinetic zone as left ventricular ± 2.9 NS Regional functional responses to exercise before and after propranolol. EDL = end-diastolic length, EDW = end-diastolic wall thickness, % AW(50%) = the ratio of extent of shortening or thickening at the midpoint between peak ( + )dP/dt and peak (-)dP/dt to the EDL or EDW. %AL(LS) or %AW(LS) = the ratio of extent of shortening or thickening at the end of late systolic shortening or thickening to the EDL or EDW. Abbreviations in vertical columns as in Table 2. pressure falls (Theroux et al., 1976) , the present results emphasize the importance of detecting regional hypokinesia by analysis of shortening throughout the systolic period. Such analysis of regional function should prove more effective than measurement of the ejection fraction (Borer et al., 1977) in the detection of coronary heart disease by exercise.
The present conscious canine model was designed to simulate the physiological effects of exercise-induced angina pectoris. Although it is not CONTROL PROPRANOLOL FIGURE 4 Responses of wall-thickness in the ischemie zone to exercise before and after propranolol. Asterisks = significant differences between control and propranolol experiments. possible to detect an anginal attack (pain) in the exercising dog, transient myocardial ischemia which is believed to cause angina pectoris was reflected in the development of abnormal regional wall motion. Such an abnormal regional response to exercise was effectively reduced or abolished by propranolol, suggesting that propranolol mediates its effects in patients with angina pectoris by alleviating exercise-induced regional myocardial ischemia. The canine model described should allow assessment of the effects of other antianginal drugs in an objective manner.
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